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Methods

Study Population
In our retrospective analysis of UNOS, deidentified, patientlevel data, we reviewed the records of all patients listed for a solid-organ transplant from September 1, 1987 , through December 31, 2012 (n = 1 112 835). Institutional review board approval is not necessary for deidentified data from the UNOS database. We followed up all patients from the time of their UNOS listing: 533 329 recipients who underwent a transplant and 579 506 patients who were placed on a waiting list but did not undergo a transplant. The adult analysis excluded patients who were younger than 18, whereas the pediatric analysis excluded patients who were 18 years and older. There were no other exclusions within the categories listed. Only primary transplants were included in the categories listed, with the exception of the additional transplant categories for which the patients had only one prior transplant. Multiple additional transplants and sequential transplants (n = 17 402) were not included. Also excluded, because of insufficient numbers for analysis, were recipients of the following transplant types: liver-heart (n = 170), liver-lung (n = 55), heartpancreas (n = 5), pediatric heart-kidney (n = 19), lung-kidney (n = 24), lung-pancreas (n = 3), intestine-kidney (n = 123), additional intestine transplant (n = 74), additional intestineliver transplant (n = 83), pediatric pancreas-kidney transplant (n = 13), pediatric pancreas transplant alone (n = 8), and pediatric pancreas transplant after kidney transplant (n = 2).
Posttransplant deaths are recorded in the UNOS database; we supplemented that resource with the Social Security Administration Death Master File. To establish deaths of patients on the waiting list, we used the Social Security Administration Death Master File; we supplemented that resource with the death date recorded in the UNOS database and/or with the date of waiting-list deactivation when a patient was deemed too ill for a heart, lung, or liver transplant. Because death was primarily established by the Social Security Administration Death Files and all patients were followed up from the date of listing, deactivation from the list did not affect the analysis.
In our analyses, we grouped intestine-liver transplants with intestine transplants because of their similar outcomes (rather than with liver transplants). 17 For the same reason, we grouped heart-lung transplants with lung transplants (rather than with heart transplants). 18 
Statistical Analysis
To analyze the data, we used STATA statistical software, version 12 (Stata Corp). To compare continuous variables (reported as mean [SD]), we used the t test. To compare categorical variables, we used contingency tables. Results were considered significant at P < .05. All reported P values were 2-sided. For our time-to-event analysis, we used the KaplanMeier method with a log-rank test. We censored patients who were either lost to follow-up or alive on December 31, 2012. We generated Kaplan-Meier curves for waiting-list survival from the time of UNOS listing to death. Because we used the Social Security Administration Death Master File, patients lost to UNOS follow-up did not affect our analysis. We generated Kaplan-Meier curves for posttransplant survival from the time of transplant to death. The primary outcome measure was patient death while on the waiting list or after the transplant.
Life-years Saved
We calculated the life-years saved by comparing patients who were on the waiting list but did not undergo a transplant with patients who did. We compared survival for both groups from a common time point, namely, the time of listing. We first generated the total number of life-years for all patients on the waiting list who did not undergo a transplant by calculating the area under the Kaplan-Meier curve. We further calculated the number of life-years for those who did not undergo a transplant also using the area under the Kaplan-Meier curve. After adjusting for the number of patients, we then calculated the number of life-years saved.
Median Survival
For the groups of patients who did not achieve median survival time by the end of the study period, we recorded their median survival time as greater than 25 years rather than risk an inaccurate projection.
Era Analysis
We defined 3 eras for analysis: 1987 through 1993, 1994 through 2001, and 2002 through 2012. The first dividing year was 1994 because of Food and Drug Administration approval that year for the clinical application of tacrolimus. The second dividing year was 2002 because of allocation policy shifts. We only included lung transplants in this analysis because that group had the poorest outcomes and a controversial survival benefit. Our aim was to show improved outcomes over time.
Propensity Score Matching
Because there is a selection bias with the transplanted cohort, we used a propensity score matching algorithm to generate matched cohorts for comparison. The propensity score for the transplant group was computed with a probit regression for specific covariates in each type of organ transplant. For kidney transplant, we included the following covariates: blood type, age at listing, region of listing, date of listing, dialysis at listing, date that dialysis was started, and diagnosis. For liver transplant, we included the following covariates: blood type, age at listing, region of listing, date of listing, status at the time of listing, Model for End-Stage Liver Disease score at listing, hemodialysis at listing, and diagnosis. For heart transplant, we included the following covariates: blood type, age at listing, region of listing, date of listing, status at the time of listing, dialysis at listing, diagnosis, ventricular assist device at listing, extracorporeal membrane oxygenation at listing, and intra-aortic balloon pump at listing. For lung transplant, we included the following covariates: blood type, age at listing, region of listing, date of listing, status at the time of listing, dialysis at listing, diagnosis, forced expiratory volume in 1 second at listing, and oxygen requirement at listing. In pancreaskidney transplant, we included the following covariates: blood type, age at listing, region of listing, date of listing, dialysis at listing, date that dialysis was started, and diagnosis. In pancreas transplant, we included the following covariates: blood type, age at listing, region of listing, date of listing, and diagnosis. In intestine transplant, we included the following covariates: blood type, age at listing, region of listing, date of listing, dialysis at listing, date that dialysis was started, diagnosis, waiting list for an intestine-liver transplant, and intestineliver transplant. Total parenteral nutrition dependence could not be used because it was not reliably recorded for patients on the waiting list.
Propensity scores were then used to match patients undergoing transplants with patients on the waiting list using full Mahalanobis matching algorithm. The Mahalanobis distance is a descriptive metric that provides a measure of a data point's relative distance from a common point. A nearest neighbor search was then used to create matched groups.
Results
Study Population
During the study period (September 1, 1987, through December 31, 2012), a total of 1 112 835 patients were placed on the waiting list for a solid-organ transplant: 533 329 recipients who underwent a transplant and 579 506 patients who were on the waiting list but did not undergo a transplant. A total of 314 561 patients underwent kidney transplants; 109 482 patients, liver transplants; 54 746, heart transplants; 26 943, lung transplants; 23 709, pancreas transplants; and 1588, intestine transplants. Table 1 summarizes the demographic characteristics. Life-years Saved Table 1 and eTable 1 in the Supplement list the number of lifeyears saved by organ and transplant type through December 31, 2012. The total number of life-years saved for the 25-year study period will not be realized until all recipients during that period are deceased. However, so far, 1 372 272 life-years have Propensity Score Matching Table 2 gives the results of the propensity score matching. The number of matched patients and the median survival are listed. If we adjust life-years saved by the results of the matched analysis, the result is 2 150 200 life-years saved.
Transplant Volume
Discussion
It was not until the late 20th century, after a series of breakthroughs, that the field of transplantation had practical implications with significant therapeutic value. [2] [3] [4] [10] [11] [12] [13] [14] 19 In our study, we documented the survival benefit of solid-organ transplants during a 25-year period (1987-2012)-a period that has seen unprecedented growth and improved outcomes in kidney, liver, heart, lung, pancreas, intestine, and combined organ transplants. We found that 2 270 859 life-years were saved in 533 329 patients through 2012. Because many of the transplant recipients in our study group are still alive, the number of life-years saved, thanks to this 25-year period of transplantation, will only increase until all the recipients in the cohort are deceased. This concept becomes readily apparent with the significant differences in the median survival time between patients on the waiting list and transplant recipients. Our study included any patient who was ever listed for a solid-organ transplant from 1987 through 2012 (n = 1 112 835 patients): only 533 329 (47.9%) of them actually underwent a solid-organ transplant. This immense study illustrates the powerful potential of the UNOS database. The comprehensive UNOS reporting of all waiting-list patients, coupled with death verification using the Social Security Administration Death Master File, made this analysis possible. Without the Social Security Administration Death Master File, our analysis would have been crippled by the significant number of patients lost to UNOS follow-up. Beginning on January 1, 2013 (the day after the end of the study period), the Social Security Administration Death Master File was no longer being shared with UNOS because of patient privacy issues. We hope that our study illustrates how essential the Social Security Administration Death Master File is to the complete analysis of posttransplant survival. We call for the reversal of this mandate and for the renewed sharing of the Social Security Administration Death Master File to help advance studies of solid-organ transplants.
A kidney transplant is often thought to be merely a lifeenhancing (rather than lifesaving) procedure in that recipients are simply relieved of the requirement of dialysis. However, as other studies [20] [21] [22] have done in the past, our study clearly indicated that a kidney transplant is also a lifesaving procedure. The number of life-years saved per kidney transplant recipient is akin to the number of life-years saved per liver transplant recipient. Our study also found a profound advantage for adult kidney transplant recipients of living-donor trans- plants compared with deceased-donor transplants. 23, 24 This advantage is evident in the Kaplan-Meier curves ( Figure 1 and eFigures 1-5 in the Supplement) and in the median survival time (18.5 years with a living donor vs 9.8 years with a deceased donor). However, the advantage is not so pronounced for pediatric kidney transplant recipients (eTable 1 in the Supplement).
In the same vein, a pancreas transplant is also a lifesaving procedure. The perception persists that a pancreas transplant is simply a convenient insulin replacement therapy, despite much evidence in the literature to the contrary. [24] [25] [26] [27] Our study found a significant survival advantage for all types of pancreas transplants, with the strongest advantage for simultaneous pancreas and kidney transplant recipients (4.7 lifeyears per recipient). A pancreas transplant alone, an often controversial option, 28 confers a median survival time of 13.6 years (compared with 8 years in patients on the waiting list). Our survival curves demonstrate how the survival benefit becomes more pronounced with long-term follow-up (eFigure 3 in the Supplement). There was an earlier controversy about the use of pancreas transplant alone in studies with 5 years of follow-up. 28, 29 In our study, the follow-up time was up to 20 years; our findings unequivocally confirm the utility of a pancreas transplant alone. Our study also reaffirms the lifesaving potential of a liver transplant. 30 The use of liver retransplantation has often been questioned, 31 but we found a significant survival advantage (although diminished compared with a primary liver transplant). We also revealed the durability of a successful pediatric liver transplant: with all types (whole-organ deceased donor, partial-organ deceased donor, and living donor), the median survival time exceeded 25 years. Such long-term survival is an amazing feat that is unmatched by most other types of transplant.
32,33
The past 3 decades of heart transplantation have demonstrated a clear survival benefit 34,35 for adult and pediatric heart transplants. 36 Moreover, advances in the care of patients with heart failure, especially through the use of artificial devices, have gradually improved survival time in patients on the waiting list. 37, 38 Additional transplants also are useful, but their usefulness is diminished compared with primary transplants.
39,40
Previous studies 41,42 found a survival benefit for adult lung transplant recipients. In our study, we reached a similar conclusion. However, unlike most of the literature, 18 ,43,44 we found ous study, 18 as well as our study, confirmed a survival benefit for adult heart-lung transplant recipients. However, the picture remains more ambiguous for pediatric lung and pediatric heart-lung transplant recipients, without a clear survival benefit. 46 Our analysis suggested a significant survival benefit for both these categories but largely because of a greater number of long-term survivors during the 25-year study period; however, our Kaplan-Meier curves were not significantly different, and the median survival time for patients on the waiting list in those 2 categories was longer than the posttransplant survival time. The real benefit may be lifeenhancing rather than lifesaving. The time span of our analysis was considerable: 25 years. When we stratified groups by the 3 eras, we saw considerable improvement in adult and pediatric lung transplant recipients. The survival benefit for pediatric lung transplant recipients may, in fact, be evolving and not able to be sufficiently addressed by an all-inclusive study such as ours. More sophisticated analyses with stratification by age of the child 47 and diagnosis 48,49 may be necessary to elucidate the potential survival benefit.
Intestine transplant is also a lifesaving procedure. 50,51 The survival benefit is also more pronounced in the intestineliver transplant recipients, not because of improved posttransplant survival but rather because of the higher mortality rate in patients with end-stage liver disease on the waiting list. 17, 52, 53 In fact, patients with intestine failure are often maintained with total parenteral nutrition until they develop end-stage liver disease; they are then placed on the waiting list for a liver intestine transplant and removed from the intestine transplant alone list. This association between the 2 waiting lists may explain the limited mortality rate of pediatric patients awaiting an intestine transplant alone (eTable 1 in the Supplement). We are not suggesting that patients should undergo an intestineliver transplant rather than an intestine transplant alone. Instead, we assert that because the mortality rate is much higher on the intestine-liver waiting list, the survival benefit after transplant is more pronounced. Of note, other studies 17, 54 have suggested that an early intestine transplant alone may yield superior overall outcomes. As with lung transplant recipients, the survival benefit for intestine transplant recipients may be evolving. The literature suggests an improvement in outcomes over time. [55] [56] [57] There is a selection bias with those candidates who undergo transplants. This bias is apparent in the differences in the demographic data (eTable 2 in the Supplement). To overcome this bias, we conducted sophisticated matching with propensity scores and found that a significant survival benefit was still observed (Table 2) . After adjusting for our matched analysis, we calculated 2.15 million life-years saved to date. A significant selection bias is likely to remain, even after propensity score matching, and is a limitation of this analysis. Another limitation of this analysis is the bias introduced by the waiting time for patients who undergo transplants. They, by defi- The 2.3 million life-years saved (2.15 million after adjustment) to date is a stellar accomplishment. These life-years saved are in patients with end-organ failure, who are among the sickest patients. Of note, the life-years saved were observed; there are no projections in this analysis. Although most of the findings in this analysis are not novel, this analysis concisely reports on the collective experience of solid-organ transplant in the United States, making it, to our knowledge, the largest study in the field of transplantation yet conducted. These results refute any lingering perception of transplantation as a niche field with limited practical benefit. Furthermore, focusing exclusively on the survival benefit does not capture the vast improvements in quality of life and the drastically lowered morbidity rates after a transplant. Our analysis indicated that, as a nation, we achieved the peak volume in transplantation in 2006. The critical shortage of donors continues to hamper this field: only 47.9% of patients on the waiting list during the 25-year study period underwent a transplant. The need is increasing; therefore, organ donation must increase. We call for deepened support of solid-organ transplant and donation-worthy endeavors with a remarkable record of achievement and a tremendous potential to do even more good for humankind in the future.
